Athymic mice grafted at birth with allogeneic thymic epithelium (TE) from day 10 embryos before hematopoietic cell colonization reconstitute normal numbers of T cells and exhibit full life-long tolerance to skin grafts of the TE haplotype. Intravenous transfers of splenic cells, from these animals to adult syngeneic athymic recipients, reconstitute T-cell compartments and the ability to reject third-party skin grafts. The transfer of specific tolerance to skin grafts of the TE donor strain, however, is not observed in all reconstituted recipients, and the fraction of nontolerant recipients increases with decreasing numbers of cells transferred. Furthermore 
Immunological tolerance to antigenic components of the body is established during development and is maintained throughout life in healthy individuals. Central and peripheral T-cell self-tolerance is known to involve several mechanisms that can be described as "recessive" if based on autoreactive repertoire purging (including clonal deletion and anergy) (reviewed in refs. 1-3) and "dominant" if operating by positive selection of regulatory cells (see refs. [4] [5] [6] and references therein). Establishing the relative importance of these two types of mechanisms will be essential in understanding physiology and autoimmune disease and in guiding decisions between suppressive or stimulatory therapeutic interventions in autoimmune diseases (7) (8) (9) .
It is generally accepted that the thymus plays a central role in the establishment of self-tolerance, notably in clonal deletion of autoreactive T cells (10) (11) (12) (13) (14) (15) (16) (17) . However, it is difficult to conceive that this process could account for tolerance to peripheral tissue-specific antigens that are not expressed in the thymus. Moreover, the question of how self-tolerance is induced in the thymus is complicated by the process of intrathymic positive selection, which, like clonal deletion, requires recognition of complexes of peptide and self-major histocompatibility complex (MHC) molecules (18) (19) (20) (21) (22) . The heterogeneous cellular composition of the thymus has led to suggestions for differential roles of the epithelial and hemopoietic components of the thymic stroma in negative and positive selection (reviewed in refs. 23 and 24) . It has been proposed that the epithelial thymic component mediates positive selection of T cells whose T-cell receptor (TCR) has a low affinity for self-MHC/peptide complexes while being relatively inefficient in deleting cells engaged in high-affinity interactions (25) . In contrast, the dendritic cells of the thymic medulla are responsible for negative selection of potentially harmful cells, able to recognize self components with high affinity (26) . According to this view, tolerance to self is thus dependent upon the hematopoietic rather than the epithelial stromal compartment of the thymus.
A contrasting picture has emerged, however, from previous work in one of our laboratories, analyzing avian embryonic chimeras, in which the endodermal epithelial thymic rudiment of a chick embryo was replaced by its quail counterpart. A thymus in which the cells of the hemopoietic lineage (i.e., the lymphocytes and medullary dendritic cells) belong to the chick host and the thymic epithelium of the quail donor was thus generated. This resulted in the capacity for the chick host to permanently tolerate all types of quail tissues, including those of the wing (ectomesodermal origin) or of the bursa of Fabricius (endomesodermal origin) (27) (28) (29) (30) . Moreover, the tolerogenic effect of the chimeric thymus is dominant upon that of the normal chick thymus since various ratios of these two organs can be controlled in each chimera by partly removing the endogenous thymic endoderm. It was shown that full tolerance is obtained even if only 1/3 of all thymic lobes contain the quail epithelial component (28) . Thymic epithelium (TE)-induced tolerance has also been obtained in the chick in allogeneic MHC combinations (31, 32) .
Having obtained these results, we decided to investigate the role of the epithelial thymic component in self-nonself discrimination in the mouse. In the mouse embryo the third pharyngeal pouch contains the presumptive thymic epithelial rudiment, which at embryonic day 10 (E10) is still devoid of hemopoietic cells (HC) (33) . If introduced into a nude recipient it is colonized by the host's HC, and restoration of its T-cell compartment ensues (34) . If the E10 thymus is grafted into an MHC-mismatched recipient, it induces tolerance to skin and heart grafts of the donor thymus strain (35) (36) (37) 
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (Fig. 1) . In many cases, the mice were kept alive (4-15 months after skin grafting, allowing for the observation of healthy skin grafts during this period (n = 23). The transferred cells restored T-cell function in the nude recipient, as measured by the ability to reject the third-party graft, in 55% for 0.1 X 106, 35% for 1 x 106, and 72% for 5 x 106 T cells injected (Table  1 and Fig. 1 Fig. 1) . Therefore, the fraction of restored nontolerant recipients increases in inverse relationship with the numbers of the injected T cells. It is noteworthy that failure to tolerate as well as tolerance occurred among recipients of cells from the same tolerant donor. Finally, no significant differences were observed in T-cell percentages in peripheral blood between recipients rejecting or accepting a specific skin graft.
These observations indicate that the number of T cells from TE chimeras required to transfer specific tolerance to grafts of the TE donor is higher than that necessary for restoring the T-cell host compartment. This in vivo titration could therefore represent the "limiting dilution" of specific regulatory cells. In Table 1 . Dissociation between tolerance and T-lymphocyte reconstitution in naive syngeneic nude mice by injection of graded numbers of peripheral T cells from mice tolerized with allogeneic TE grafts The indicated numbers of T cells (spleen and lymph node) from BALB(C3H E10) or BALB(B6 E10) were injected i.v. into naive BALB/c nude recipients (*) or from B6(BALB E10) into naive B6 nude recipients (t). Three skin grafts (host, TE donor, and third-party haplotypes) were performed in each recipient 6-8 weeks after transfer. Only the mice that rejected third-party skin (immunocompetent, fully reconstituted mice) and kept a healthy syngeneic skin graft are scored here. Recipients were classified as "tolerant" when they retained the TE haplotype skin graft for at least 3 months and as "nontolerant" when they rejected the TE haplotype skin graft within 3 months. The percentage of tolerant recipients (t) includes both BALB/c and B6 nude recipient mice (* and t). Table 1 ). In all animals syngeneic skin grafts survived indefinitely.
the "low-dose" recipients that are not tolerant, these cells would not be in sufficient numbers to permanently suppress the more frequent graft-specific reactive T cells. This possibility was strengthened by the observation that, when it occurred, the rejection of skin grafts of the TE donor was always delayed, as compared with that of third-party grafts (Fig. 1) .
TE-Induced Tolerance Is Maintained in the Absence of Recent Thymic Migrants. We next investigated whether transfer of TE-induced tolerance required recent thymic migrants and the presence of tolerogen in the donor. We studied whether tolerance to skin grafts, recovered from a first set of nude recipients of T cells from TE chimeras [BALB(C3H E10) or B6(BALB E10)], could be transferred into a second series of syngeneic naive nude animals. Seven of 7 secondary nude recipients that were restored rejected third-party skin grafts and were tolerant to skin grafts of the TE haplotype. Thus, tolerance is maintained in the T-cell compartment from the TE chimeras after residing several months in the first recipient (up to 8.5 months) and even in the absence of antigen in the second recipient (for periods up to 10 months) ( Table 2 ). These results show that the establishment and maintenance of TE tolerance in adoptive recipients requires neither recent thymic migrants nor the continuous presence of antigen.
T Cells from TE Chimeras Suppress Specific Skin Graft Rejection in Syngeneic Immunocompetent TCR Tg Mice. A direct test for the existence of regulatory T cells in the TE chimeras consists in the cotransfer, in syngeneic athymic recipients, of T cells from these TE chimeras together with nontolerant T cells from normal euthymic donors. In such experiments, however, we have observed a marked overrepresentation of T cells from the normal donor. Furthermore, T-cell transfers in normal euthymic syngeneic recipients result in the persistence of only very low numbers of donor cells. We have therefore used another system in which the T cells of TE chimera can expand in immunocompetent hosts. The latter are TCR-anti-HY-Tg males, which although expressing predominantly a TCR specific for H-Y antigen (in the context of H-2Db) (14) are immunocompetent as shown by their capacity to mount in vitro allogeneic responses (43) and to reject allografts (Table 3 ), most likely through T cells expressing endogenous TCR genes. Syngeneic CD3+ T cells (5 X 106 cells) from normal B6 mice were injected into B6-Thy-1.1 TCR-anti-HY-Tg males. They expanded and represented, 1 month later, 13% of the peripheral T-cell pool (Exp. 1, Table  3 ). Then, CD3+ (Thy-1.2+) T cells generated in B6(BALB E10) were transferred into B6-Thy-1.1 TCR-anti-HY-Tg males (Exp. 2). One month later, the recipients were tested for chimerism by using Thy-1 allotype and were challenged with skin grafts from B6, BALB/c, and a third-party strain. In 15 of 16 recipients, skin grafts of the TE haplotype (BALB/c) were accepted for more than 100 days, while third-party grafts were promptly rejected ( 
DISCUSSION
We have demonstrated in previous work that one of the cellular components of the thymus, the permanent epithelial stroma, is able to induce tolerance to a variety of peripheral tissues. In mammals, these results have been obtained by restoring the T-cell compartment of nude mice by grafting the embryonic thymic rudiment of MHC-mismatched euthymic mice. Similar conclusions were previously reached in the avian model in xenogeneic combinations (27) (28) (29) . It has to be noted that in a different xenogeneic system, thymic grafts are able to induce prolonged tolerance to swine liver grafts in adult thymectomized irradiated mice (44) .
Here, we have further documented the characteristics of the tolerance induced in nude mice by allogeneic transplants of the thymic anlage. We have taken advantage of the possibility of reconstituting T-cell function in nude mice by transfers of syngeneic peripheral T cells. We show that T cells differenti- Numbers over arrows are number of injected T cells. Spleen cells were removed from tolerant nude recipients of T cells from TE chimeras 8.5 months (*) and 4 months (t) after the first transfer. The second series recipient mice were skin grafted 3 months (t) and 10 months ( §) after the second cell transfer. Rejection of third-party skin occurred in 14-21 days for all mice in the second-series recipient mice. B6 Thy-1.1 TCR-anti-HY-Tg males were transferred with different peripheral T-cell subsets from B6(BALB E10) chimeras or B6 Thy-1.2 control animals. PBS, phosphate-buffered saline. The degree of purity of CD4 and CD8 cells was at least 96% and contaminating CD8 (or CD4) cells were never observed in the recipients. One month later, skin grafting was performed. Syngeneic B6 grafts were accepted for more than 120 days in all recipients. BALB/c and C3H skin graft mean survival time (MST) (±SD) are indicated. The T-cell chimerism determined in blood before grafting [% of donor T cells = % Thy-1.2/% (Thy-1.1 + Thy-1.2)] remained unchanged 120 days later in peripheral organs. ated in a nude mouse reconstituted by an allogeneic TE and injected into a naive nude recipient induce full immunocompetence and maintain the tolerance to the TE-MHC haplotype established in the donor. However, when the amount of injected T cells decreases, tolerance to the TE-MHC type fails to be transferred to the host, which otherwise is fully immunocompetent. This suggests that tolerant TE chimeras contain both nontolerant and regulatory T cells, the latter being less frequent and inhibiting specific graft rejection by the former. These regulatory T cells constitute a long-lived cell population, since they can be transferred into two successive nude mice and can be functionally evident up to 10 months later in the second host, in the total absence of antigen of the TE-MHC type which acted as tolerogen in the initial thymus-grafted nude mouse.
The fact that these regulatory T cells are of the CD4 subset and able to suppress immunocompetent T cells was directly demonstrated here. Thus, immunocompetent B6 (H-2b) TCRanti-HY-Tg males, which normally reject BALB/c skin grafts in 25 days, were led to tolerate such grafts after receiving CD3+ or purified CD4+ T cells from a B6(BALB E10) chimera. The type of tolerance described here has a thymic origin, as TE positively selects for self-specific T cells that impose "dominant tolerance" to tissue-specific antigens of the TE-MHC haplotype. Suppressive mechanisms had already been evoked to explain transplantation tolerance in nude mice reconstituted with allogeneic newborn thymic grafts (45) and to account for low cytotoxic T lymphocytes in vitro responses to minor antigens in euthymic irradiated mice engrafted with two different T-cell-depleted thymuses (46) . Furthermore, some degree of dominance has recently been described in tolerance induced by newborn irradiated thymuses (47) . In all cases, however, peripheralization and/or transfer of antigen could not be rigorously discarded. More recently, the important notion that the regulatory suppressive function of certain subsets of CD4+ T cells can be transmitted at the periphery to naive cells according to "infectious" mechanisms has been experimentally demonstrated (48) . Further experiments are needed to test whether the suppressive effects described here are also "infectious."
While the function of regulatory T cells generated in TE chimeras must now be better characterized, the purity of the tolerogenic tissues together with the specificity of tolerance suffices for us to conclude that suppressor cells positively selected by antigens presented on the TE can persist in the periphery for prolonged periods of time in the absence of antigen.
As for the relevance of the observations reported above for physiological acquisition and maintenance of tolerance to self, it is clear that the presence of similar regulatory T cells in normal individuals still has to be demonstrated. However, several independent observations indicate that physiological self-tolerance is maintained in the presence of autoreactive cells by the activity of regulatory T cells that could be related to those described here. Thus, neonatal thymectomy results in a multifocal, organ-specific autoimmune disease, which can be corrected by the transfer of normal adult T cells (49, 50) . Moreover, the transfer of a subpopulation of CD4+ T cells from a normal adult donor into syngeneic T cell-deprived recipients leads to comparable inflammatory autoimmune disorders that are prevented by the concomitant transfer of regulatory T cells (51) . Finally, Lo et al. (52) have reported that normal T cells, which rapidly destroy a syngeneic pancreas expressing an alloantigen, will do so only if transferred to recipients that are T-cell-depleted. It would appear, therefore, that lack of self-aggression in physiological organ-specific tolerance is primarily based upon the activity of regulatory cells, much in the same way as the transplantation tolerance described here.
In conclusion, "recessive tolerance" resulting from deletion or irreversible inactivation of self-reactive cells and "dominant tolerance" imposed by self-specific regulatory cells very likely account together for the establishment of physiological tolerance. While central deletion can operate for intrathymic antigens (10) (11) (12) (13) (14) (15) (16) (17) , it cannot explain tolerance to those which are exclusively expressed in peripheral tissues. Accordingly, it has been proposed that peripheral tolerance involves deletion (53, 54) , anergy (55) (56) (57) (58) (59) , or receptor down-modulation of tissue-specific T cells (60) , or else active suppression by regulatory T cells (48, (61) (62) (63) (64) (65) . If it is assumed that clonal deletion occurs for every differentiating T cell exposed to specific antigens in the thymus, it follows that such putative regulatory T cells are expected to be tissue specific. Whenever investigated, these cells were shown to be induced at the periphery (48) , adding to the current association of dominant tolerance with peripheral mechanisms. In contrast, we demonstrate here a "dominant" mechanism of tolerance that is centrally selected in the thymus and inhibits the activation of autoreactive cells which have escaped negative selection. These T cells of the CD4+ type are long lived and exert a powerful suppressive effect which prevents graft rejection. This protective effect of TE is even observed in quail-chick xenogeneic combinations in which tissue grafts trigger a strong and rapid rejection process. Thus, the very critical role played by the epithelial thymic stroma in tissue tolerance induction might lead to devising experimental protocols to prevent rejection of therapeutic tissue grafts in adult mammals. 
